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The 500 My average crater retension  for Venus has raised questions about the present-day

level of tectonic activity. In this study we examine the relationship bctween,the  gravity and

topography of four large volcanic swells, Beta, Atla, Bell, and Western Eistla Regiones,  for

clues about their stage of evolution. The Magellan  line-of-sight gravity data is inverted using a

point mass model of the anomalous mass to solve for the local vertical gravity field. Spectral

admittance calculated from both the local gravity inversions and a spherical harmonic model are

compared to three models of compensation: local compensation, a ‘flexural’  model with local

and regional compensation of surface and subsurface loads, and a ‘hotspot’  model of

compensation that includes top loading by volcanoes and subsurface loading due to a deep, low

density mass anomaly. The coherence is also calculattxl  in each region, but yields an elastic

thickness estimate only at Be]] Regio.  Both local and regional compensation are evident in each

area, In all models, the long wavelengths are. compensated locally. The long wavelength

estimates of the deep compensation depth for Bell, Atla, Western Eistla, and Beta Regiones  are

125, 175,200, and 225 km, respectively, with an error of approximately t 35 km. “l’he

flexural  model is rejected primarily because it gives values of effective elastic thickness of

approximately 100 km, which is at least a fttctor of two larger than estimates of effective elastic

thickness obtained from the coherence spectra at Bell Regio and from other studies that model

the topographic expression of flexure at Bell  Regio and in other tectonic settings globally.

Assuming a cmstal  thickness of 30 km, the fit to the hotspot  model at Atla Regio  gives an

effective elastic thickness of 3&!_5 km, Atla Regio  is interpreted as an active hotspot because of

the deep compensation depth and a strong subsurface loading signature. At Be]] Regio,

effective elastic thickness is 30335 km at shorl wavelengths and 5ti5 km at long wavelengths,

using a crustal thickness of 10 km. “I-he 30 km value is interpreted as the effective elastic

thickness at the time when the volcanoes are implaced;  the S() km value is believed to reflect the

present-day effective elastic thickness. BeJl Regio has a relatively shallow compensation depth,
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125 km, and a weak bottom-t~top  loading ratio determined from the coherence spectra. These

results may indicate a relatively old, possibly inactive plume, The data at Beta ai~d Western

Eistla Regiones  are of relative] y poor quality and do not permit detailed interpretations. These

areas are interpreted as active hotspots because. of their large compensation depths, greater than

typical of the rest of the planet.
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I xu-ge volcanic swells were first identified on Venus in

and gravity data. Numerous highlands were interprctwl to

the Pioneer Venus radar, altimetry

be analogous to terrestrial hotspots

on the basis of their broad topographic swells, evidence for extension, abundant volcanism,

including major volcanic edifices, and their large positive gravity anomalies (Phillips cl al.

1981; McGill  e? al. 1981; Esposito et al. 1982; Mcxg,an and Phillips 1983; Phillips and Malin

1983, 1984). in particular, their large positive gravity anomalies have been used to argue that

these areas represent active mantle plumes (Phillips et al. 1981; Esposito el al. 1982; Phillips

and Malin  1983, 1984, Janale el al. 1987; Smrekar and Phillips 1991; Kiefer and Hager 1991;

Black el al. 1991; Grimm and Phillips 1992; Binschadler  er al. 1992). The improved resolution

and quality of the Magellan  gravity data (Konopliv  anti Sjogren 1994), along with analysis of

Magellan  radar images and topography data in t}me regions (Stofan et al. 1994), provide an

important opportunity to better chamctcrize the nature of compensation and evolution of these

large topographic swells.

Studies of Magellan  data also provides a new context for the study of hotspots on Venus.

}Iigh resolution, global radar coverage confirm that there maybe local regions of plate

boundaries (McKenzie er al. 1992), but that terrestrial style plate tectonics is absent on Venus

(Solomon et al, 1992.). This finding reaffirms the important role of hotspots as a window to

mantle convection on Venus. Per}~aps the most startling result from Magellan  data analysis is

the average crater retension  age of 500 My coupled with the observation that only -5% of the

craters are modified (Schabcr  e[ al. 1992; Phillips et al. 1992). l’wo end-member models arc

consistent with these finding. In one model, the planet was complete] y resurfaced 500 Ma and

has been generally inactive since then (Schabcr  et al. 1992; Phillips et al. 1992). in t}~e  other

extreme, the planet is continuously resurfacing at an average, steady rate, with resurfaced areas

confined to being smaller than typical intracrater  distances (P}~illips  ef al, 1992). ongoing

studies of the impact cratering  record suggest that the true history of resurfacing on Venus is
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probably intermediate between these mockls. “1’he presence of active hotspot  on Venus would

clearly argue for some level of ongoing resurfacing.

A key to determining the role of hotspots in both the heat loss and the resurfacing, history of

Venus is an understanding of their evolution. Both the heat 10SS and amount  of volcanism

reaching the surface changes over the life time of the plume. Numerical models and laboratory

experiments predict the time evolution of the topography, gmvity, and volcanism due to rising

mantle plumes (Olsen and Nam 1986; Griffiths ef al. 1989; Griffiths and Campbell 1991;

Ilindschadler  and Pamxmtier  1990; Manga  cl al, 1993; Moresi  and Parsons 1994; Smrekar and

Parmentier 1994). The greatest compensation dept}] occurs when the plume is still quite deep in

the mantle. As the plume approaches the surface and flat[ens  out, the compensation depth

decreases. These studies predict that a significant alnount  of uplift should occur prior to

pressure release melting and that rifting should occur prior to the formation of volcanic edifices.

By studying all possible hotspot canidates,  it may be possible to distinguish between the

effects of evolutionary stage and differences in the size and magnitude of a plume or of

variations in the properties of the lithosphere. In addition to thermal buoyancy, lateral viscosity

variations (Moresi and Parsons 1994) and chemical density differences related to pressure

release melting (Smrekar and Parmentier  1994) also affect the evolution of gravity and

topography above a plume. Both effects tend to give a deeper apparent depth of compensation.

Thus all variations in apparent clepth of compensation may not be directly related to the depth of

the plume headl.  For this reason, we do not try to distinguish a ‘dynamic’ signature in the

gravity, due to viscous forces rather than density differences. In this study, an active hotspot is

defined as a region which has the general characteristics of hotspots and in which there is

evidence for a thermal anomaly at depth.

~“he goals clf this study are to evaluate the evidence for active plumes on Venus using the

new Magellan  gravity data, to utilim the higher data resolution to constmin not only the

compensation mechanism but also the effective elastic thickness in these regions, and to use this

information to try to understand t}~e evolut  ionary stage of each hotspot examined. We
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investigate the gravity and topography fields for fcmr large volcanic swells identified as

probable hotspots:  Beta, Atla, Bell, and Western Eistla  Regiones.  These regions were selected

both because of the low altitude Magellan  gravity data coverage already available and because of

their large siz and thus relatively important role in venusian  tectonics.

Be]ow we describe the characteristics of the four regions, the Magellan  gravity and

topography data sets, and the method of local point mass inversion used in this study to obtain

vertical gravit,y maps of each area, The spectral admittance, or the ratio of gravity-to-

topography as a function of wavelength, is calculated for each region using the gravity from

both the regio:nal  inversions and a spherical harmonic field (Konopliv  and Sjogren 1994) and

compared with three different models of compensat  ion. The first model is local, isostatic

compensation,,  due to either an Airy or Pratt mechanism, the second includes the effects of

surface and subsurface loading as well as local compensation (Forsyth  1985), and the third is

specific to the hotspot environment (McNutt and Shure 1986), utilizing the observation that

volcanic edifices load the plate from above and the assumption that a low density, them~al

anomaly loads the plate from below.

BRIHF GEOLOGIC IIESCRIIY1’JON

The four volcanic swells examined here are Beta, Atla, Ilell, and Western l;istla Regiones

have all been clescribcd in detail, on the basis of Pioneer Venus, Arecibo,  and Magellan  data

(McGill et al. 1981; Campbell et al. 1984; Stofan el al. 1989, Senske  et al. 1992; Grimm and

Phillips 1992). Swell and volcanic edifice dimensions are given in Stofan et al. (1994). Each

region has its unique characteristics. Bell Regio is among the smallest of the volcanic swells

and has two distinct topographic highs (Pig 1). The volcanic edifice, Tepev  Mons, is one of the

few volcanoes on Venus that has a clear topographic moat. McGovern and Solomon (1992)

find a best fitting effective elastic thickness of 10-20 km at ~’epev Mons.  Two large coronae are

also located on the flanks of Be]] Regio  (Fig. 1). The only evidence for extension is a few
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small graben near the ccmer of the swell. Atla Regio has three major volcanic edifices,

including Maat Mons, which is over 9 km high (Fig. 2). Both Maat and Ozza Montes have

complex systems of fractures and flows. Both Beta and Atla Regiones  have extensive armys of

wide (up to 200 km across), deep (up to 2 km) rifts (Solomon er al. 1992). These huge rift

systems that cnoss Atla and Beta Reg’iones are continuous with an equatorial extension belt

(Schaber  el al. 1982) and thought to be too large to be the result of topographic uplift alone

(Stofan et al. 1989). Volcanism in these rifts in the area of Atla and Beta Regiones  is minimal

(Senske el a). 11992; Solomon et al. 1992). Of all the volcanic rises, Western Ilistla Regio  is the

most similar to, terrestrial swells in that it has a relatively simple swell geometry with two

volcanic edifices, Sif and Gula Montes,  near the top of the swell (Fig. 3). It has a relatively

minor rift system, Guor Linea (Grimm and Phillips 1992; Solomon et al. 1992). Two large

corona occur on the northern flank of the swell. Beta Regio was the first large volcanic swell

(Fig. 4) to be identified and characterized as a possible hotspot (McGill et al. 198 1; Bsposito  et

al. 1982). It is unusual in that it is dominated by large regions of complex rjdged,  or tesscra,

terrain (Senskc er al. 1992) and has the largest gravity -totopography  mtio, or apparent

compensation depth, of any of the swells (Smrekar and P}]illips 1991; Simons  et al. 1994). The

one major volcanic edifice is ‘Ileia  Mons (Fig. 4).

DA3’A

The data sets used in this study are derived from Magellan radar altimetry and line-of-sight

(LOS) gravity data. The Magellan topography data set used is the global topography data

record, a Cartisan  representation of the topography (Ford and Pettengill  1992 ), averaged to 10

bins. Gravity data is primarily collected using X- bane] radar frequency, gjving Magellan  data a

significantly higher signal-to-noise ratio (Sjogren and Phillips 1994). This translates into a data

enor of less thlan 0.5 mgals  versus 1-2 regal data error in the Pjoneer Venus data (Sjogren  et

al., 1980). Over the regjons  examined, the Magcllan spacecraft a]titude varied from
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approximately 160 km to 430 km. Since the. four regions are at low latitude, this altitude range

is similar to that of Pioneer Venus. 1.0S gravity daw is determined by measuring the change in

the doppler  shift of the radar communications signal along the line between the spacecraft and

Earth and removing all known influences on the spacecraft motion (Phillips et al. 1978). Since

Earth, the spacecraft and Venus seldom lie exactly along a line, the LOS data contain both

vertical and horizontal components of gravity, making it necessary to go though an inversion

process to extract the vertical gravity data before detailed interpretation. The line-of-sight angle

is defined as the angle between the Earth, Venus and the spacecraft. A 0° angle is the best

viewing geometry, a 90° angle is the worst, In this study we use both vertical gravity data from

a global  sphe]ical ham~onic mode] (Konopliv  and Sjogren 1994) and from local inversions for

vertical gravity. ‘I’he inverse method is described below.

There are several reasons for using two types of gravity models for each region. Once

produced, the spherical harmonic data set provides a more convenient data set for looking at

gravity and topography than doing local inversions over each region. 3“he global  models more

accurately model the very long wavelength portion of the gravity field and can be easily filtered

to remove wavelengths longer than those in the study region or to emphasize certain features.

However, presently, the resolution of the spherical hamlonic models is only degree and order

60, which corresponds to a wavelength of 630 km. Local gravity inversions are able to obtain a

resolution of 300-400 km in certain legions of high data quality and large gravity anomalies. In

some cases, this increased resolution is critical for trying to determine the effective elastic

thickness of the lithosphere, as discussed below. Comparison of the two methods provides a

useful check on the validity of the solutions.
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ME’l”l  IODOLOGY

Local Inversion for Vertical Gravity

We invert the 1.0S data using a singular value decomposition method to obtain a point mass

representation of the anomalous mass. The form of the generalize linear inverse problem is Ax

= y, where x is a vector containing the point masses, y is a vector containing the observed

LOS accelerations, and A is a matrix ccmtaining the pa?lial  derivatives, ~y@tj, of the m

accelerations with respect to the n point masses. The partial derivative matrix , A, is obtained by

using the GASI> program (Grimm et al. 1994), whic}l is similar to the ORB S1 M program

(Phillips et al. 1978), to calculate the attraction at each observation site for each of the point

masses, using a unit mass. The orbit simulation accounts for the affect of the point masses on

the spacecraft orbit, in addition to the standard perturbations. This type of approach, which

includes the effect of the anomalous mass on the spacccmft is known as a dynamic method.

Each model converges in one iteration using the full rank solution. A grid of point masses is

arranged in a grid at 10 intervals at each location. The grid extends out 5° beyond the final

region of interest to take into account any effects on the spacecraft arising from anomalous mass

beyond the borclers of the study area. I’able 1 gives the latitude, longitude coordinates of the

each inversion, the number of point masses in the grid, the number of singular values retained

in the solution (see below), the number of c~rbits used, the range of orbit numbers, and the

number of observations.

The optima] singular value decomposition solution to t}]c inverse problem is selected by

evaluating the trade-off between resolution and model error as a function of the number of

singular values  retained in the solution. “l’he resolution is better when more singular values,

which correspond to the point masses, are retained. 1 lowever, the increase in resolution of the

model is accompanied by an increase in model error. ‘1’his trade off between error and

resolution is illustrated for the local invcrsicm  at Bell Regio  in Fig. 5a, The model covariance
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for a singular value decomposition solution is given by (COV x) = CJ#’A-RA-87”  where Od is the

variance of the data, A-l? is the inverse (-g indicates a generalized inverse), and T denotes the

transpose of the matrix (Menke 1984). An additional check on the choice of singular value is to

examine the minimum and maximum values of the gravity field, at a particular altitude, as a

function of the number of singular values retained in the solution. In many cases, there is a

range of singular value cut off where there is little variation in the mininmm and maximum

gravity signal, indicating that the full resolution of the data is being modeled without

introducing noise from unconstrained point masses (Fig. 5b). Finally, a visual inspection of

the gravity ma]p should verify that no unconstmined  point masses are included, by making sure

that no spurious ‘bull’s eyes’ or undulations at the spacing of point masses are apparent.

The appropriate choice of singular value cut off is a function of the altitude at which the

gravity field is calculated, since the altitude affects the resolution, T’he higher the altitude, the

lower the resolution and the greater the number of singular values that can be retained in the

solution. Gravity ilelds for the four regions studied here are calculated at approximately the

average value of the spacecraft altitude, at 200 or 2S0 km.

Analysis

The emphasis in this paper is on analysis in the spectral domain, which is advantageous for

several reasons. Analyzing the data as a function of wavelength can reveal the presence of

multiple compensation mechanisms and provide constraints on the effective elastic thickness.

Approaches that find the geoid-to-topography  ratio or an apparent depth of compensation can be

biased by the presence of multiple compensation mechanisms. Spectral coherence, which gives

a measure of the statistical relationship between gravity and topography, gives the most reliable

estimate of flexural  thickness possible from gravity data (Forsyth  1985). Further, spectral

techniques can accommodate minor phase differences between the gravity and topography data

sets (il]ustratu!  below) more readily t}lat spatial domain analyses.
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The spcctrall  admittance approach is fully described by Donnan and l~wis (1970) and has

been used determine the compensation depths and effective elastic thickness of numerous

terrestrial environments (e.g. McKenzie and Bowin 1976;  McNutt  1983), including hotspots

(McNutt  and Shore 1986; Fischer el al. 1986; McNutt  1988; Filmer and McNutt  1988; Sheehan

and McNutt  1989). This approach assumes that the relationship between gravity and

topography is both linear and isotropic, Uncorrelated  parts of the signals are assumed to be

noise. The admittance function

spectrum of the topography

is defined as cross spectrum of the gravity and over the power

~ l:g<G”H*>>- (1)
<II”}]*>

where k is the wavenumbcr,  equal to 2n/wavelength, the angular brackets denote averaging

over discrete wavenumber bands, G(k) is the liourier transform of the gravity, I/(k) is the

Fourier transform of the topography, Re indicates the real part of the Fourier transform, and *

indicates the complex conjugate (e.g. McNutt  1979). The gravity and topography data are

mirrored prior [o taking the Fourier transform to minimize edge effects (McNutt 1983). “l’he

uncertainty in each estimate of 2Lfl is given by

~Z (<G-Z]]> <G*-ZH*>)l/2
~ =  ---–”-~jl;li~>)i/~-”- ‘- - - (2)

in this paper, we define the coherence in terms of the Fourier transform of the Bouger  gravity

(the observed gravity minus the gravity predicted by the topography), B

~oz =-----  .<&fI?>?
dlB*>2 <]]~]*>2.

l~or n discrete wavenumbers  in a wavenumbcr  band, an unbiased coherence value can be

obtained when there is noise in the data (Munk and Cartwright  1966) from

nco? -]
C2=.

n-1

q’he standard deviation in the coherence (Bendat  and Piersol 1980) is calculated as

AC2 = (1 - co2)(2c02/n)l~
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Compcnsafion Mode/s. The primary goals of the modeling the admittance are to estimate

the effective elastic thickness at the time of loading and to determine the compensation depths of

the broad swells. The interpretation of gmvity  data is always non-unique in the absence e of

significant additional constraints. For this reason, we fit three different conlpensation  models to

the data in each of the four regions. The simplest model is local, isostatic  compensation, either

Airy or Pratt. The second model, referred to as the flexural model, includes the effects of both

surface and subsurface loading of the elastic lithosphere. The third model, the hotspot model,

takes advantage of the loading geometry specific to hotspots (McNutt and Shore 1986), and is

described below.

Surface and subsurface loading produce very different gravity signatures at short

wavelengths (Forsyth  1985), where the exact wavelength at which the difference becomes

apparent is a function of the effective elastic thickness. The predicted admittance for a thin

elastic plate loaded from above is

Qt(k) = -@oG mp(-b,) / (1 + IJM@g) (6)

where G is the gravitational constant, equal to 6.673x 1011 Nn~2kg-2, ~nl is the depth to the

density contrast, which is typically the crust-mantle interface, D is the flexural rigidity of the

plate, Ap is the density contrast between the crust (p. ) and mantle (pnl), taken as 2900 and

3300  k@#, respectively, and g is acceleration of gravity, 8.87 n~s-2 at the surface of Venus.

The flexural  rigidity, D, is defined as ETe/l  2(1 - v2), where 1! is the Young’s modulus, v is

Poisson’s ratio, taken as 10 I I Pa and 0.25, respectively, and ‘J’e is the effective elastic thickness

of the elastic plate. For isostatic  compensation, D is zero, and Eq. 9 reduces to Ql(k) =: -2npoG

cxp(-kz).  Although this admittance equation is phrased in terms of Airy compensation, Pratt

compensation has the same form. To interpret compensation depths as Pratt compensation

rather than Airy compensation, z must be multiplied by a factor of 2 due to the lower thermal

density contrast.



Over the wavelength range where flexure is important, the predicted admittance curve due to

bottom loading, has a very different shape from top loading since the effect of the elastic plate is

to resist the upwarp  of the topography mther than the downwarp caused by top loading

(Forsyth  1985). In this case, the admittance is directly proportional to D, rather than inversely

proportional

Qb(k) = -27cG exp(-km)( 1 + IM4@og)

If both bottom and top loading are present, the admittance curve will

(7)

be intermediate bet wecn

the bottom and top loading models  (Norsyth 1985). The exact shape of the curve will be

determined by.f, the ratio of bottom to top loading

j-= w?!!?!!
polllq’1

(8)

where 1 lB and ~“]T are the amplitudes of surface deflection produced by bottom and top loading,

respectively (Forsyth  1985).

The final model we consider is the “hotspot” model, developed by McNutt  and Shure

(1986). This linear filtering approach takes advantage of the loading geometry specific to many

hotspots. “1’ypically  large shield volcanoes with diameters on the order of hundreds of

kilometers load the elastic plate. from above from above and cause downwarp of the crust-

mantle boundary, as described in F~. 6. I“hus at shcx-[ wavelengths, the admittance spectra

should be dominated by a top loading signature. At the scale of the broad topographic swell,

the crust-mantle boundary is upwarped by the viscous and buoyancy forces due to mantle

plume and the elastic plate is loaded from below. The plume forces, which are dominated by a

low density thermal anomaly at some depth beneath the crust, supplies an additional

compensation interface. I“hese factors combine to give a very different signature at long

wavelengths. For Venus, where there is no ocean, the long wavelength, or “swell” portion of

the admittance has the form
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(Po)
F’s = 27(G (Pnl-po)  exp(-kzrn)  ~ - - - - - - - - -  exp(-kzm)

1 + k4a

- ( (pm+ ak4(prn-pcJ ) exp(-kzl))] (9)
D

a = ‘“””–-  ‘“-”
(Pm-pok

The first term applies the correct sign to the density contrast to describe upwarp of the crust-

mantle boundary, the second term undoes the effects of top loading, and the third term

describes the bottom loading and density contrast due to a deep (presumably thermal) density

anomaly (McNutt  1988).

Tyj~ically  these predicted admittances am used to filter the gravity and topography signals to

detem~ine the effectiveness of the model in reproducing the data in both the spatial and spectral

domains (McNutt  and Shore 1986; liischer el al, 1986; McNutt 1988; Filmer and McNutt  1988;

Sheehan and McNutt  1989). The ability to isolate the contribution of both the top loading due

to volcanoes and the bottom loading due to a deep anomaly is a powerful tool to constrain the

models. This approach is untenable for the clata presented here due to both the low resolution

and presence of small phase shifts. Since the data is analyzed at spacecraft altitude, the

topographic signature of the vcdcanoes  is very subtle, although still discernible in the spectral

domain (see below). While less robust, this technique can still be gainfully employed by

making reasonable assumptions about the scales of top (volcano) and bottom (swell) loading.

There are :several  caveats regarding the interpretation of admittance spectra worth noting

(Forsyth  1985). If the admittance is calculated over regions of geologic processes with

different gravity-topography response. functions, estimates of flexural  rigid it y are biased

towards those regions with the most power in the g,ravity and topography. In regions where

both top and bottom loading are important, it is possible to mistake bottom loading for top

loading if the elastic lithosphere is thin, which gives an underestimate of Te. If the elastic plate

is strong, the wu-face load will have a larger impact on the topographic signature than the

subsurface load, thus weighting the response toward top loading. For these reasons, estimates
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of the effective elastic thickness determined by modeling the admittance spectra are likely t obe

lower bounds.

Modeling the coherence provides a more robust estimate of effective elastic thickness since

it is relative] y i nsensitive to the effects of top and bottom loading, as well as to errors in the

depth of subsurface loading (Forsyth 1985). Assuming that the top and bottom loading

processes have random phase (i.e. the loacls  are uncorrelated),  the coherence is given by

72 ~ . . . . . __.<]]twt  + ~1bWb>2
<Ht2 + ~]b2> <Wt2  + Wb2>

(lo)

where W~and WT are the relief on the crust-mantle boundary due to botlom and top loading,

respectively. If the assumption of uncorrelatcd  loads is violated, the flexural rigidity estimate is

likely to be a lower bound (Macario et al. 1992).

Vertical Gravity

Vertical gravity fields produced from local point mass inversions are shown in Figs. 6-9,

along with the Magellan  topography for the same region. Table I contains the inversion

parameters. The broad highs in gravity and topography are generally well correlated in each

region. Minor phase shifts between the peaks in topography and gravity occur in most regions.

At Bell Regio, the central gravity high lies between the two major volcanic edifices (Figs. 1, 6).

To the north, the gravity high occurs to the east of the topographic high (Fig. 6). Gravity highs

at Atla Regio  are well correlated with the three major volcanic edifices, the highs along the rift

flanks, and the. broad topographic swell (Jjig 7). The gravity highs are shifted approximately 10

to the north of the topographic highs. At Western Eistla Regio, the western high in the gravity

is exactly centered over Sif Mons, while the eastern gravity high lies somewhat to the west of

Gula Mons (Rig. 8). The topography at Beta Regio is far more complex than in the other

regions, with one major volcano, a large rift dissecting the center of the topographic high, and
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several regions of complex ridged  kIT(iiIl (Senske et al. 1992; Bindschad]er  el al. 1992). While

not all of the topographic peaks are discernible at spacecraft altitude, the complexity of the

region may contribute to the relative low degree of correlation between the gravity and

topography (Fig. 9) in comparison to other likely hotspots. The very large, shift in the gravity

and topography peaks, approximately 4° north-south, may also be partially a result of errors in

the line-of-sight accelerations clue to the very large gravity anomaly over Beta Regio.  North-

south shifts in the gravity highs are particularly suspect; this effect may also be evident in the 10

shift observed at Atla Regio, North-south phase shifts are not seen at Western Eistla  and Bell

Regiones,  where the gravity highs are smaller.

Admittance and Coherence

BeJl Regio,  l>espite  numerous volcanic and tectonic features that occur on a variety of

scales at Bell R.egio  and a space craft altitude of up to 443 km, the admittance spectrum at Bell

Regio is well determined. ‘l’here is good agreement between the spherical harmonic and local

inversion gravity fields at most wavelengths (Fig. 10), wit}) the exception of a 10 nlgal/kn~

offset. Possible sources of this off set and its effect on the fit of compensation models will be

discussed below. I meal compensation, shown for depths  between 25 and 150 km (Fig. 10a),

provides a very poor fit to the data as the shape of the spectra do not follow the model curves.

Flexural  models provide a better fit to t}~e admittance curve. The admittance spectra

calculated from the Bouger gravity anomaly are shown (IJig. 10b) along with a flexural model

for with a single compensation depth of 100 km and an elastic thickness of 90 km. The long

wavelength (here greater than approximately 1000 km) portion of the spectrum controls the best

fitting compensation depth, Varying the compensation depth shifts the model curves vertically,

with a 10 km dwrease. in the compensation depth resulting in an approximately 1 n~gal/km

decrease in the model value at long wavelength, and a slight change at short wavelength, At

shorter wavelengths, the shape of the mock] curve is controlled by the effective elastic thickness

and the proportion of top and bottom lc)ading. The best fitting value of effective elastic
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thickness is al SC) strong] y affected by the compensation depth, with larger depths requiring

thicker elastic plates to fit the same data, The shape of the admittance spectra from both the

spherical harmonic and the local inversion gravity fields indicate that both top and bottom

loading are present, with bottom loading being the dominant process (Fig. 10h). A model

curve with a ratio of bottom to top loading of 2.7 fits most of the spectrum.

The hotspot  compensation model provides a good fit to the data (Fig. 10c). A deep

compensation depth of 125 km and an effective elastic thickness of 50 km fits most of the long

wavelength data very well, with a few values falling along deeper or shallower model curves.

At wave.lengths between 500 and 800 km, the effect of top loading is apparent, Model curves

indicate an effective elastic thickness of approximately 25-35 km. In both the top and bottom

loading curves shown here, a crustal thickness of 10 km is used, The shape of the admittance

spectra at short wavelengths suggests a relatively thin crust, A thicker crust gives a model

curve with a somewhat shallower slope (e.g. Fig. 10c, below).

At Bell  Regio, the shape of the admittance curve at short wavelength suggests that the crust

is thin (-10 km), but much shorter wavelength data is necessary to obtain a reliable estimate.

The vertical pc~sition  and curvature of admittance spectrum together constrain the compensation

depth and the effective elastic thickness. There is not enough information to independently

constrain both crustal thickness and deep compensation depth used in the hotspot model. As

an example of sensitivity of other parameters to the choice of crustal  thickness, the hotspot

model is shown with a crustal thickness of 50 km (Fig. 10c). At long wavelengths, the best

fitting deep compensation depth is now 185 km rather than 125 km, but the effective elastic

thickness is unchanged, Thus using a crustal thickness of 10 km probably gives a lower bound

on the deep depth of compensation,

In other regions, we assume a crustal thickness value of 30 km. If the possible range of

crustal  thickness on Venus is between 10 and 50 km (see Discussion below), this gives an error

bar of +30 km :for the deep compensation clej~th.  ‘l’he additional 10 n~gal/knl  uncertainty in the

vertical position of the admittance spectra make the total en-or bars closer to *35 km. Since
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estimates of the deep compensation deeps arc large,  the effective elastic thickness at the scale of

the swell is essentially unaffected by the uncertainty in crustal thickness, However, a change in

the crustal thickness has a greater effect on the estimate of elastic thickness from top loading.

Although the model with a 50 km thick crust does not fit much of the short wavelength data

(Fig. led), it is clear that the estimate is less (-15 km) than for the thinner crust model (Fig,.

10C).

Bell Regio is the one region with an estimate of effective elastic thickness from the

coherence datal, Coherence estimates obtained from local inversions and spherical harmonic

models typically begin to diverge at wavelengths shorter than approximately 1000 km (Fig.

10e). At high harmonics energy from features beyond the resolution of the 60 degree and order

spherical harmonic model may leak into the highest order terms, causing them to be less

reliable. Since the local inverse methcxi  is more suited to modeling short wavelength anomalies,

we interpret t}le coherence estimates based on the local inversion. A model with an effective

elastic thickness of 52 km and bottom to top loading ratio of. 1 fits the shorter wavelength

values very WCII (Fig. 10e). A higher bottom to top loading ratio gives too steep a slope.

The longer wavelength values of the coherence are unusual in that they fall off below a

value of 1. It is possible that this fall off indicates that surface and subsurface loads are

correlated, Coherence estimates made, with large box sizes in this region, using spherical

harmonic data, have values closer to 1 at these wavelengths. Analyzing larger regions probably

includes a wider range of processes, thus increasing the chances that loads are uncorre]ated,

The estimate of effective elastic thickness obtained from the coherence agrees very well with the

value of the long wavelength of effective elastic thickness obtained from applying the hotspot

mode] to the aclmittance.  It makes sense that the coherence agrees with the regional effective

elastic thickness value, since admittance tends to weight the terms with the most power. At Bell

Regio, the topc)graphic peaks are the volcanoes, which appear to have a thinner effective elastic

plate.
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Ada Regio.  The overall shape of the admittance spectrum of Atla Regio resembles that of

Bell Regio,  ‘IIe  shape of admittance curves from the local inversion and spherical harmonic

models are in very close agrmrnent,  but 1() nlgal/km was again added to the spectra from the

local inversion to bring the two admittance curves into agreement. As seen in Fig. 11a, isostatic

compensation does not fit the data well, The addition of the effects of lithospheric  flexure  are

clearly needed to provide a good fit to the data (Fig. 11 b). A model curves with an effective

elastic thickness of 100 km, a compcn sation dept}]  of 150 km and predominantly hot tom

loading fits the long wavelength porticm of the specmnn very neatly. Between 400 and 500

km, a model with a ratio of bottom-to-top loading of 5 fits the data, but data at medium

wavelengths can not be fit the same model, A thinner effective elastic thickness loaded from

below could fii just the data between S00 and 800 km.

The hotspot  model also gives a reasonable fit to the data at Atla Regio (Fig. 1 lc).

Assuming a awstal thickness of 30 km, a model with a swell compensation depth of

approximately 175 km and an effective elastic thickness of 30 t 5 km fits much of the. data

down to a wavelength of S00 km. A top loading signature appears between 400 and 500 km

and indicates an effective elastic thickness of 3(M1 O km.

The coherence data at Atla Regio  have a much shallower slope than the model curves (I~ig.

1 id), indicating that a model with uncorrelated  loads and a single elastic thickness is not

applicable in this area, and that the coherence can not provide an estimate of effective elastic

thickness.

Wcskrn Eislla Regio. I>cspite the relat ive simplicity of the large scale tectonics of Western

Eistla Regio, there is much more scatter in the. admittance spectra than at Atla and Bell

Regiones,  w}]ich results in less agreement between the spectra for local and global models

gravity models (Fig. 12). The large value of the ]inc-of-sight  angle,  80°, maybe responsible

for the poor quality of the data, The fit of the data to the three compensation models is shown

for consistency, but errors in the data mean that the compensation mechanism and effective

elastic thickness can only be constrained in a qualitative manner. As with other regions, Airy
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compensation does not give a good fit to data (Fig. 12a). Within the scatter in the data, the

addition of flexure  provides a better fit (Fig. 12b). A model with an elastic thickness of 130

km, a compensation depth of 200 km, ancl a ratio of bottom-to-top loading of 4 comes close to

fitting a significant portion of the spectra,

The hotspot  model of compensation alsc) generally follows the shape of the admittance curve

(Fig, 12c). Thle upturn in the spectra between 500 and 800 km are characteristic of top loading,

but the difference between the local inversion and spherical harmonic models combined with the

scatter in the dlata make this signature suspect, An effective elastic thickness of 4(M1O km fits

most of the data, A fairly large range of deep compensation depths and effective elastic

thicknesses can fit the long wavelength data.  Fig. 12C shows the fit to the data for a models

with a 30 km Ihick crust, an effective elastic thickness of 40 km, and compensation depths

between 125 and 225 km,

There is a lot of scatter in the coherence spectrum of Western Eistla Regio  (Fig. 12d).

Effects such a coherent loading and variations in the effective elastic thickness can cause scatter

in the coherence data (Forsyth  1985). It is interesting, alt}~ough probably not significant, that

the coherence seems to have two branches that follow model curves for effective elastic

thicknesses of approximately 60 and 90 km. Careful forward modeling would be required to

verify the possibility that two distinct effective elastic thicknesses could be resolvd  in the

coherence.

Beta Regb. The scatter in the admittance and coherence at Beta Regio  is sufficiently large

to make any interpretation of compensation mechanism difficult. The line-of-sight angle is large

at Beta Regio, 65°. It is less than the value of 72° at Atla Regio, but the lower spacecraft altitude

at Atla Rcgio may counteract the poor observing geometry. The data quality at Beta Regio may

also be influenced by the very large, long wavelength high in the gravity that could cause

ringing in the solution. q“he local inversion is more sensitive to this problem than the spherical

harmonic model, as longer data arcs are used with the global fit. As with the other regions,

isostatic  compensation models do not adequately describe the spectra (Fig. 13a). Models that
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include flexuml compensation fit portions of the admittance curve (Fig. 13b). The upswing in

the Bouger  admittance at short wavelengths suggests bottom loading is important, but no single

loading model fits the data. The fit of the hotspot model to the free air admittance similarly

suggests that bottom loading is important, but the scatter and large error bars prohibit a well

determined estimate of either compensation depth or effective elastic thickness (Fig. 13c). An

effective elastic thickness of 40 km with a swell compensation depth of 200-300 km fits a

significant portion of the data, Unlike the other t}wcc  regions, there is no evidence for a top

loading signature, despite the presence of Thea Mons. The effect of Thea Mons on the gravity

and to]x)graph:y may be relatively minor at Deta Regio,  given the complexity of the geology and

topography, in comparison to other areas where volcanoes are a more dominant part of the

topography. Alternatively, the data quality may be too low to recognize the top loading

signature. If the elastic lithosphere under Thea MOJN is 20 km or less, the resolution of the data

is insufficient to recognize a contribution. As with Atla Regio, the slope of the coherence is

very shallow (Fig. 13d). Given the variety of tectonic and volcanic features at Beta Regio, it is

more likely that the low slope is a result of multip]e  elastic thicknesses than the presence of

correlated loads,

The Flexural  model vs. the IIolspot  Model

A purely isostatic  model can clearly be ruled out for Bell and Atla Regiones.  For Atla and

Be]] Regiones,  it is not possible to distinguish between the flexural model, which includes

bottom and top loading with a single elastic thickness and compensation depth, and the hotspot

model, which has top loading, crustal compensation and a given elastic thickness at short

wavelengths, and bottom loading, crustal  compensation, an effective elastic thickness (possibly

different from lthat  at short wavelength) and an additional, deep compensation surface. Roth

models fit the data reasonably well. The flexural models yield very high values of effective

elastic thickness (approximately 100 km) the model has only one compensation depth. The fit

to the long wavelength portion of the spectra gives compensation depths in the range of 100-
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200 km. These large values of compensation depth require very large values of effective elastic

thickness to match the curvature of the spectra. ‘lie hotspot  model yields effective elastic

thickness estimates of 20-50 km because it includes both compensation at the crust mantle

boundary and at a deep surface, presumably the base of the thermal lithosphere.

We believe that the simple flexural model can be rejected for a variety of reasons. The first

set of arguments hinges on discounting the estimates of approximately 100 km for the effective

elastic thickness. On the basis of this study, this value disagrees with the one robust estimate of

effective elastic thickness obtained using coherence, which is less sensitive to uncertainties in

the other model parameters. At Bell Regio, the coherence yields an effective elastic thickness

equal to 52 km, in very good agreement with the estimate of the long wavelength flexural

thickness obtained from the hotspot  model. Effective elastic thicknesses of 20-50 km are also

in very good agreement with estimates from other studies that are based on the analysis of

topographic data in a variety of geologic settings (Solomon and I]ead 1990; Sand well and

Schubert 1992; Johnson and Sandwel] 1(994).  The. value of 3(HI O km for the short

wavelength, top-loaded effective elastic thickness at Bell Regio is also in good agreement with

the estimate of 10-20 km made by McGovern and Solomon (1992) from a flexural moat at

Tepev Mons. This estimate has an error of approximately*15 km (McGovern, personal

communication, 1993).

Other arguments are based on the assertion that the hotspot  model is more appropriate for

these areas than the simple flexural model, Compensation depths obtained from the flexural

model arc far to large to be related to a density contrast at the crust-mantle boundary. The

presence of a crustal layer on Venus is wide] y accepted, with the strongest evidence coming

from Soviet Venera  lander measurements of the isotropic signature of the surface (Barsukov  el

al. 1984). Other studies of tk~c mechanical properties of tectonic features indicate that the

thickness of the crust is between 10 and 30 km (22uber 1987; Grimm and Solomon 1988;

Banerdt and Golombek 1988; Zubcr and Parmentier 1990). 1 lowever, a new flow law for dry

diabase (Mackwell e? al. 1993) may indicate that the crust is stronger on Venus than previous] y
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believed, which would tend to make previous estimates of crustal  thickness lower bounds. It is

reasonable to assume that the crust in these areas contributes to the compensation. Lastly, the

commonalities  between the regions studied here and terrestrial hotspots are a further indication

that the hotspot model is the most appropriate model to apply in this tectonic setting. For

example, it is cleat that volcanoes with diameters on the order of a hundred kilometers load the

elastic plate from above. This information should be incorporated into the model.

The poor data quality at Beta and Western 13istla  Regiones  do not permit detailed

interpretations. However, the general shape of the admittance spectra is more consistent with a

flexural response than with purely local compensation, Neither the flexurd  model nor the

hotspot model give well constrained values of effective elastic thickness. IIowever, the values

of effective elastic thickness found at Beta and Western Hi stla Regiones,  4M20  and 4@_30 km,

respective] y, using the hotspot model, and 100 km in both regions using the flexural model, are

comparable to the better determined values found at Bell  and Atla Regiones.

Comparison to Previous Studies.

Previous sl.udies of Pioneer Venus gravity ancl topography data resolved primarily

wavelengths greater than approximately 500-1000 km and were unable to determine the

effective elastic thickness. Numerous studies found compensation depths for some or all of the

four hotspots  considered in this study (Esposito et al. 1982; Sjogren et al. 1984; Janale ef al.

1987; Herrick e[ al. 1989; Smrekar and Phillips 1991; Black et al.. 1991; Grimm and Phillips

1992). Within the range of uncertainty and variations in methodology, results from this study

are generally in agreement with earlier work.

Comparisorl to l’errestrial  Hotspots.

As noted in previous studies, the apparent long wavelength depth of compensation is much

greater than for terrestrial oceanic hotspots, probably due to the decoupling effect of the

terrestrial low viscosity zone (Smrekar and Phillips 1991, Kiefer and Hager 1991). It is
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interesting to note that while the deep structure appears to be quite different, the effective elastic

thicknesses determined in this study are very similar to values obtained for both oceanic and

continental hotspots  (McNutt  and Shore 1986; Fischer ev al. 1986; McNutt  1988; Sheehan and

McNutt  1989; Ebinger  e[ al, 1989). The admittance spectra found at Bell Regio is simi]ar in

shape to that of the 13urmuda  Rise, where the elastic lithosphere at short wavelength is XM5 km

and 55*1 O kml at long wavelength (Sheehan and McNutt  1989). However at the 13urrnuda

Rise, the swelll  compensation depth is 55 km, and the difference in effective elastic thickness is

interpreted as a result of thermal thinning.

IIISCLJSSION

The Case for ,4ctive IIotspots,

At Ada Regio, the very large depth of swell compensation and the clear signature of bottom

loading are strong evidence of a significant thermal anomaly at depth. Studies of the emissivity

at Maat Mons (Robinson and Wood 1993) and of the removal of impact crater halos in Ada

Regio  (Basilevsky  1993) appear to suppon the conclusion that Atla Regio is an active, or

recently active, hotspot.  Bell Rcgio has a much shallower compensation depth and a large

effective elastic thickness. As is discussed below, these results may indicate that Bell Regio is

inactive. At Beta and Western Eistla Regiones,  only the dcej~, long wavelength depth of

compensation suggest an active hotspot,  ‘1’he validity of the argument that large compensation

depths, even without a bottom loading signature, imply the presence of an active hotspot is

discussed next.

In several previous studies (Phillips et al. 1981; Morgan and Phillips 1983; Phillips and

Malin  1983,1 !184; Ilerrick  et al. 1989; Srnrekar and Phillips 1991), these regions were

interpreted as active hotspots because their long wavelength compensation depths are greater

than the depth to the inferred base of the thermal lithosphere. A compensation depth greater

than the thickness of the thermal lithosphere was interpreted to indicate that an active plume was
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supplying a viscous stress at depth that was helping compensate the hotspots. Estimates of the

thickness of the thermal lithosphere were based on the idea that the heat loss and level of

tectonic activity on Venus is comparable to Earth’s (Solomon and IIead 1982; Kaula and

Phillips 1981; Phillips and Malin 1983).

These assumptions about the thickness of the thermal lithosphere have been reevaluated in

light of studies of both impact crater di stribution and effective elastic thickness. One

interpretation c)f the large crater retension  age is that tectonic activity on Venus is episodic, and

that the lithosphere has been steadily cooling and thickening over the last 500 My (’I’ucotte

1993), reachin,g thicknesses of 200-300 km. In the context of this hypothesis, the large

compensation (depths  at hotspots would indicate thinning of the thermal lithosphere. 1 lowever,

Beta and Atla Regiones  have among the highest geoid/topography  admittance values, or,

equivalently, compensation depths, on the planet (Simons et al. 1994). Thus the background

thickness of the them~al lithosphere must be less than the compensation depth at Beta and Atla

Regiones.  Evidence from interpretation of long wavelength gravity still supports a thermal

lithosphcric  thickness of approximately 100 km.

The argument that very large compensation depths, greater than approximately 100 km,

implies active mantle  plumes is still ge.nemlly  valid. The challenge is to understand how active

hotspots fit into the resurfacing puz71e.  Probably the simplest interpretation is that they

represent a localized contribution to resurfacing. Resurfacing on scales less than the intracrater

distance of approximately 400 km is consistent with the cratering record (Phillips et al. 1992).

Although the broad swell covers a large area, the volcanism clearly related to the swell

formation (i.e. the shield volcanoes and associated flows) covers a much more limited region.

At Beta Regio,, large areas of tessera terrain, that are believed to be remnants of a prior tectonic

period (Senke et al. 1992), occur high on the swell but are large] y untouched by volcanism.

More minor tessera blocks also occur at Bell Regio.  The substantial area of rifts at Atla Regio

are largely devoid of volcanism (Solomon et al. 1992). Large expanses of ridged plains appear

to be uplifted at Western Eistla Regio (Grimm and Philllips  1992; Stofan el al. 1994).
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New infom~ation about the rheology of very dry diabase  (Mackwell  cl al. 1993) indicate that

large estimates of effective elastic thickness (-30 km) are not at odds with a reasonable thermal

gradients on Venus, The lack of water on Venus appears to compensate for the high

temperature, giving  a rheology more similar to Mrth  than previously believed, Thus for modest

stresses and thermal gradients, the upper few tens of kilometers of the crust will respond

elastically (Phillips 1994).

lmplicationsfiw Hotspot Evolution

In the context of simple models  of hotspot  evolution (Olsen and Nam 1986; Gnffiths et al.

1989; Griffith:s  and Campbell 199 l; Smrekar  and Pannentier 1994), regions with very large

compensation depths, such as Beta, Atla, and probably Western Eist]a Regiones,  are in an early

to intermediate stage of evolution. Eatih  c)f this regions has laTge compensation depths,

abundant volcanism, and evidence for extension. Geologic and morphology evidence supports

this hypothesis (Stofan  e[ al. 1994).

The variations in compensation depth alone between Beta,  Atla and Western Eistla Regioncs

probably can not be related to evolutionary stage. For example, it is unlikely that Beta Regio  is

younger than the other areas simply because it has a somewhat larger compensation depth. l-he

abundance of volcanism at Beta Regio suggests t}lat it is not in a very early stage of evolution

where the plunne has not fully flattened out and thus gives a large compensation depth.

Variations in compensation depth are more likely to be a result of local  variation in either the

plume strength or the lithosphere.

Bell Regio  differs from the other area in several ways. l’he relatively shallow compensation

depth, the Iargc value of long wavelength effective elastic thickness, and the small bottonwto-

loading ratio determined from the coherence all imply that Bell Regio is in a late stage of

evolution, possibly even extinct. The small bottom loading may be due to either the remnant of

a thermal anomaly or possibly the effect of a layer of low density residuum material implaced at

the depth as result of pressure release melting (Robinson 1988). Such an effect is likely to be
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much more important on Venus than on Earth because of the absence of plate tectonics.

Hotspots are not carried to a new location by plate motion, so that the residuum layer can

continue to accumulate. The lack of subduction may mean that residuum material is not

recycled as rapidly into the mantle (Pam~entier  and Hess 1993). Geologic evidence also

suggests that Bell Regio  is in a late stage of evolution (Stofan  et al. 1994).

The hotspot  model gives a long wavelength effective elastic thickness of 5(M5 km, and a

short wavelength, top loading effective elastic thickness of 30+10  km. This difference may be

due to an underestimate of the short wavelength value of effective elastic thickness by a purely

top loading mcdel. If the difference is real, thereat least two interpretations. One is that the

elastic lithosphere under the volcanoes is thermally thinned, This interpretation appears to be at

odds with the coherence modeling, which gives a ratio of bottom-to-top loading is

approximately 0.1. If a themlal  anomaly large enough to cause approximately 30 km of thermal

thinning were ]present under Bell Regio, bottom loading should be much more important.

Another interpretation is that the two values sample different points in the time evolution of

a hotspot.  Early on, the increase in heat flow due to a mantle plume hitting the base of the

lithosphere can cause thinning of the thermal and elastic lithosphere (e.g. Sheehan and McNutt

1989). As the mantle plume dies out, the elastic thickness will again increase and the bottom

loading will decrease as the thermal anomaly dies out. The value of approximately 30 km may

reflect the thickness of a thinned elastic plate that wtis present at the time when the plume

strength was at a maximum and the volcanoes were implaccd.  Since the load of the volcano

does not change after it is implaced  and features with a diameter of several  hundred kilometers

can be fully supported by an elastic thickness of 30 km, the topography would not readjust to

an increase in the thickness of the plate. However, the long wavelength topographic swell,

which is only supported by the elastic plate to a very small degree, will continue to adjust to

changes both in the elastic thickness and in the decreasing bottom load and would thus give a

more accurate indication of present-day conditions. “1’he value of effective elastic thickness
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obtained is likely to be somewhat biased by the response of both the growing elastic plate and

the changing bottom load, perhaps towards a lower value.

Several workers have suggested that hotspot  evolution follows a somewhat different path

on Venus than on Earth. If the crust is very weak on Venus, especially in an area of high heat

flow, the crust above a hotspot might become very thin, resulting in a topographic low over

hotspots (Bindschadler  and Parmentier 1990; Grimm and Phillips 1990). IIerrick and Phillips

(1990) proposed an evolutionary sequence in which hotspots evolve into crustal plateaus due to

the production of large volumes of pressure release melting. New estimates of effective elastic

thickness indicate that the crust is quite strong, even over active hotspots. Thus crustal thinning

over hotspots is likely to be less important than previously suggested. It is more difficult to

access the hypothesis that large volumes of crust are generated at hotspots. Bell Regio  appears

to have entered a late stage of evolution without having produced a crustal plateau. } lowever,

Bell Regio  is among the smaller hotspots and possible hotspots, and it may represent a less

vigorous mantle upwelling.

Furlher Work.

This study represents a first look at the data available to date over four of Venus’ major

volcanic swells, or hotspots. Clearly Magellan  gravity data represent a vast improvement in

quality and resolution over Pioneer Venus gravity data. Data that is currently being collected by

Magellan, now in a nearly circularized orbit, is likely to represent an additional increase in data

quality in some regions, particularly at high latitudes and in areas where the viewing geometry

is improved, These data may make it possible to bct[er constrain the compensation mechanisms

at Beta and Western Eistla Regiones  and to determine more accumte  estimates of effective elastic

thickness. Smaller regions, such as lmdr and Dionc Regiones,  that are also canidates  for

hotspots will be covered at relatively low altitudes. Improved data analysis and further

modeling of the gravity data should eliminate phase shifts and permit better spatial analysis.

Better coherence estimates would be extreniely  useful for determining very robust estimates of
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flexural thicknms and the relative magnitude of surface and subsurface loads. Another

important step is more localized studies of somewhat smaller regions. For example, it would be

very informative to try to isolate the signature of the rifts at Atla Regio. Forward models of

specific processes, such as thinning of the elastic plate, might also offer some additional

insight. Differences in the base level for spectra calculated using local inversions and spherical

harmonic models of the gravity must be resolved.

CONCLUS1ONS

“J-he spectral admittance calculated from the topography and gravity data, from both local

inversions and spherical harmonic models, for Atla, Beta, Bell, and Western Eistla Regiones

have been comlpared  with three models of compensat  ion: local, local and surface and subsurface

loading (Forsyth  1985), and a hotspot  model (McNutt and Shure 1986) that includes top

loading (by volcanic edifices) at short wavelengths, and bottom loading at long wavelength due

a deep (presumably thermal) density anomaly. In all models, the longest wavelengths, greater

than approximately 1200 km, are unaffected by flexure. The long wavelength, apparent depths

of compensation for Bell, Atla, Western Eistla,  and Beta Regiones  are 125, 175, 200, and 250

km, respectively, in good agreement with previous studies. I’he uncertainty on these values is

no more than :!35 km.

Spectra for Atla and Bell Regiones  exhibit a clear signature of both bottom and top loading

of the elastic plate, thus ruling out a purely local  compensation mechanism. Data quality at Beta

and Western Eistla Regiones  is relatively poor. lsostatic  compensation can not be conclusively

ruled out, but the shape of the spectra are consistent with bottom loading at Beta Regio and top

and bottom loading at Western Eistla Regio. Both the flexural model  and the hotspot model fit

the data at Atli~  and Bell Rcgiones  very well. Neither model can be eliminated on the basis of fit

to the data alone. However, we believe the flexural model can be ruled on other grounds. The

estimates of effective elastic thickness obtained from the fit of the flexural  model to the data are
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all approximately 100 km, This value  is much larger than estimates obtained from analysis of

the topography in other regions of Venus (Solomon and I-1ead 1990; Sand well and Schubert

1992; Johnson and Sandwell  19994), and at Bell Regio  (McGovern and Solomon 1992). In

this study, we obtain a robust estimate of 52 km for the effective elastic thickness from the

coherence spectra at Bell Regio. This value is in excellent agreement with the long wavelength

estimate obtained with the hotspot  model, Further, the hotspot model is more appropriate for

these rvgions,  The large volcanic edifices found at each of the highlands clearly load the surface

at short (several hundred kilometer) wavelengths. The hotspot model includes both crustal and

deep compensation surfaces. Deep compensation is obvious in these areas and crustal

compensation is likely.

The hotspot compensation model results illustrate important differences in the four hotspots.

At Atla Regio, the model fit gives an effective elastic thickness of 30 km and a deep

compensation depth of 175 km, assuming a crustal thickness of 30 km. The data indicate both

a top loading signature at short wavelength and bottom loading signature at long wavelength.

Both the compensation depth, which larger than is typical of the rest of the planet, and t}w

bottom loading signature are indicative of an active hotspot. The quality of the data at Beta and

Western Eistla Regiones  do not allow a detailed interpretation of the compensation mechanisms.

However, the large compensation depth of 150 km or more at Western Eistla Regio and a depth

of 250 km at Beta Regio support the interpretation that these areas are underlain by large thermal

anomalies probably due to active mantle plutnes.

The signature at Bell Regio is clearly clifferent  from the other regions. The fit to the

coherence data confirm that the long wavelength effective elastic thickness is 52 km, with a

bottom-to-top loading ratio of 0.1, The relatively shallow depth of compensation (125 km), the

large effective elastic thickness, and small bottom load all indicate that Be]] Regio is in a very

late, possibly inactive, evolutionary stage. The small magnitude of bottom loading maybe

consistent with loading by a low density layer of residuum due to melt extraction, suggesting

that there may no longer be a thermal anomaly underneath Bell Regio. The fit of the model to
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the admittance spectrum indicates that the effective elastic thickness is smaller, approximately

3&k5 km, at short wavelengths than at larger scales, closer to the dimension of the swell,

where the effective elastic thickness is 5(H5 km. This difference may be a result of fitting a top

loading model only to the short wavelength data. If the difference is real, the small elastic plate

thickness estimate may be preservwl from an earlier time of higher heat flow when the

volcanoes were implaced,  while the thicker val ue represents the present-da y state. A small

value of bottom loading is inconsistent with present-day thermal thinning of the elastic

lithosphere from 50 to 30 km underneath the volcanoes.

‘1’hese early results from a survey of the four major volcanic swells on Venus reveal

hotspots in different stages of evolution. Analysis confirms that Beta, Atla and Western Eistla

Regiones  are active hotspots. The variation in compensation depths between these three areas

probably indicate variations in the strength of the plume or differences in the lithospheric

structure rather than different stages of evolution, IIell Regio appears to be in a very late stage

of evolution, possibly inactive. Estimates of the effective elastic thickness show that the near

surface layer is much stronger than previously believed, suggesting that little crustal  thinning

due to ductile flow occurs over hotspots. Future studies of other possible hotspot on Venus

and analysis clf new data for these regions, along with studies of their geologic history (Stofan

et al. 1994) will continue to improve our understanding of hotspot evolution on Venus and

Uarth.
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FIGURE CAIYI’IONS

Figure 1. This Magellan  radar image of Bell Regio covers a somewhat smaller area

(approximately 22°-380N, 400-5501?) than the gravity study region. One degree of latitude is

equal to -105 km. Ilis and other images are in a sinusoidal equal area projection. North is up.

The radar illumination angle is from the left; incidence angles as a function of latitude are given

in Pettengill  el al, (1991). Black bars indicate gaps in the data at the time when the mosaic was

made. Most gaps have been filled subsequently. Tepev Mons, with associated flows, is the

bright region in the right center of the image. The dark awi to the west is another volcanic

center whose radar dark flows partially embay an impact crater. The bright annulus at the top of

the image is Nefertiti  Corona, Two bright, linear, northeast-trending regions of complex ridged

terrain intersect with the flows at Tepev Mons.

Figure 2. Magellan  radar image of Atla Regio.  l“his is the same region as analyzed in the

gravity, minus the northern most five degrees (- 10°S - 20°N, 1820-21 S“E). Three large volcanic

edifices are visible. The bright area at the center of the image is Ozza Mons. The elongated

dark patch sunrounded by brighter material to the southwest of Oz.za  Mons is Maat Mons.

Sapas Mons is the bright region of radial lineations  to the northeast of Ozza and Maat Montes.

A series of rifts radiate out from Ozza Mons, with Cianis Chasma to the north and Dali Chasma

to the southwest.

Figure 3. This Magellan  radar image of Western Eistla Regio(15°-290N, 344°- 12“E) covers has

the same east-west extent as the gravity study area, but is 5° shorter in the north and south

directions. The volcanic center at the right of the image is Sif Mons. Gula Mons lies to the

west. Guor Linea is the rift system to the southwest of Gula Mons. The two large corona to

the north of of Sif and Gula Montes are Iden~-Kuva and Nissaba. Numerous impact craters are

visible.
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Figure 4. Mage.llan radar image of Beta Regio covering approximately the region of 16°-390 N,

272°-295 E, The bright region near the bottom of the image is Theia Mons. Devana  Chasma

runs north-south out from Theia  Mons; } lccate Chasma  is to the southwest. The bright region

in the upper part of the image is complex ridged terrain, as are many of the gthcr relatively

bright areas. Several impact craters are visible.

Figure 5. Model results from local point mass gravity inversion for Bell Regio,  as a function of

the singular value cut off. The solid line in Fig. 5a is the standard deviation of the model fit to

the data, the dashed line shows the relative model ccwariance.  This model has a higher standard

deviation than any of the other local inversions. Iiigure 5b shows the maximum and minimum

values of the gravity field calculated at 200 km as a function of the number of singular values

retained. The solution breaks down after approximately 400 singular values, indicating that

additional singular values are unconstrained by the data.

l“~igure  6. A contour map of the vertical gi avity,  in mgals, derived from the local inversion over

Bell Regio  is slhown calculated at an altitude of 2.00 km in Fig. 6a. The inverse model

parameters are given in Table 1. Magellan  topography, averaged to a 10 spacing, is shown for

the same region in l~ig. 6b.

Figure 7. A contour map of the vertical grwity  (mgals) over Ada Regio from the local

inversion is shown at an altitude of 250 km in Fig. 7a, along with the Magellan  topography

(km) in Fig. 711.

Figure 8. Gravity and topograhy  fields for Western Eistla Regio.  The vertical gravity in mgals

is from the local inversion, calculated at an altitude of 200 km (Fig.. 8a), along with Magellan

topography in km for the same region (Fig. 8b).

Figure 9. The vertical gravity in mgals  from the local inversion for Beta Regio  is shown at an

altitude of 250 km (Fig. 9a), along with Magellan  topography in km for the same region (Fig.

9b). The gravity and topography are not as highly correlated as in many other regions.
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Figure 10. Admittance and coherence spectra for Bell Regio from both the local inverion (using

GASP) and the spherical harmonic model (Konopliv  and Sjogren 1994). There is a vertical

offset of 10 mgals/km between the two spectra. The source of the offset is unknown (see

discussion in the text); 10 mgals/km was added to the. spectrum for the local, inversion to bring it

into agreement with the spherical harmonic model. The free air admittance spectra are compared

to models of lcxal,  isostatic compensation at depths of 25, 50, 100, and 150 km in Fig. 10c.

‘I’he Bouger  gravity admittance spectra is compared with a model of isostatic  compensation with

surface and subsurface loading and a combination c)f the two in Fig. 10b. Figure 10c shows

compares the free air gravity spectra to the hotspot  model, where dashed lines indicate top

loading, and scdid lines are for the long wavelength, bottom-loaded portion of the hotspot

model (see text). The same rncfiel is shown in Fig. 10d, but with a crustal  thickness of 50 km

to illustrate the sensitivity of other parameters to the choice of crustal thickness. Figure 10e

shows the coherence spectra and models of flexurzrl compensation (Forsyth  1985) for an

effective elastic thickness of 52 km and various ratios of bottom-to-top loading. The fit to these

models is discussed in the text.

Figure 11, Admittance spectra for Atla Regic) are compared to models of local compensation

(Fig. 11a), local and regional compensation (Fig. 1 lb), and hotspot compensation (Fig. 1 lc),

as in Fig. 10. A loading model is also fit to the coherence spectra (Fig. 1 id).

Figure 12. Admittance spectra for Western Eistla Rcgio are compartxl  to models of local

compensation l(F’ig. 12a), local  and regional compensation (Fig. 12b), and hotspot

compensation (Fig. 12c), as in Fig. 10. The coherence spectra is also compared to a flexural

compensation )model  (Fig. 12d).

Figure 13. Admittance spectm for Beta Rcgio  are compared to mcdels of local compensation

(Fig. 13a), local and regional compensation (Fig. 13b), and hotspot compensation (Pig. 13c),

as in Fig. 10. The coherence spectra is also compared to a flexurd  compensation model (Fig.

13d).
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